Introduction
Dengue is the leading cause of children hospitalization and its outbreaks continue to pose a public health problem in Thailand until present. Dengue disease incidence has increased to the largest incidence reported of 325/100 000 in 1987 and 124/100 000 in 2012 [1] . In recent years, dengue fever (DF) and its more serious forms, dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS), have emerged geographic distributions and increased epidemic activities [2] . An analysis of death frequency among patients infected with each dengue serotype identified a greater than expected frequency of death among patients infected with DEN3, especially during the 1987-1988 [3] . During that epidemic, DEN3 viruses were recovered from an unusual number of patients hospitalized with primary infection, further suggesting that the intra-epidemic isolates of DEN3 were more than unusually virulent.
Thailand is one of the biggest dengue-endemic countries in the world: in particular, this country has seen the largest incidence of Objective: To study evolutionary relationship of the 5'untranslated regions (5'UTRs) in low passage dengue3 viruses (DEN3) isolated from hospitalized children with different clinical manifestations in Bangkok during 24 year-evolution comparing to the DEN3 prototype (H87). Methods: The 5'UTRs of these Thai DEN3 and the H87 prototype were amplified by RT-PCR and sequenced. Their multiple sequence alignments were done by Codon Code Aligner v 4.0.4 software and their RNA secondary structures were predicted by MFOLD software. Replication of five Thai DEN3 candidates comparing to the H87 prototype were done in human (HepG2) and the mosquito (C6/36) cell lines. Results: Among these Thai DEN3, the completely identical sequences of their first 89 nucleotides, their high-order secondary structure of 5'UTRs and three SNPs including the predominant C90T, and two minor SNPs including A109G and A112G were found. The C90T of Thai DEN3, Bangkok isolates was shown predominantly before 1977. Five Thai DEN3 candidates with the predominant C90T were shown to replicate in human (HepG2) and the mosquito (C6/36) cell lines better than the H87 prototype. However, their highly conserved sequences as well as SNPs of the 5'UTR did not appear to correlate with their disease severity in human. Conclusions: Our findings highlighted evolutionary relationship of the completely identical 89 nucleotide sequence, the high-order secondary structure and the predominant C90T of the 5'UTR of these Thai DEN3 during 24 year-evolution further suggesting to be their genetic markers and magic targets for future research on antiviral therapy as well as vaccine approaches of Thai DEN3. The sequence of each Thai DEN3 isolate from this study was submitted to GenBank. Its accession number as well as its 5'UTR-SNPs was presented herein. have the potential to form secondary structures that are functional important and conserved among flaviviruses [7, 8] . However, the most significant function of the 5'UTR probably resides in its reverse complement, the 3'UTR of viral minus strands, which forms the site for initiation of plus-strand synthesis [9] .
There are two AUG codons on the 5'UTR of all four dengue serotypes. The first and the second AUG codons of DEN3 are located at the nucleotides 95 and 137 respectively (GenBank Accession no.
M93130) [10] . The protein translation of the dengue polyprotein is preferentially initiated and started at the first AUG codon, with the exception that DEN-1, DEN-2 and DEN-3 can utilize the second initiation codon with equal efficiency [11] . The genome of positivestrand RNA viruses participates in at least three different processes in the cytoplasm of the infected host cell. They serve as mRNA to direct the synthesis of viral proteins and also act as a template for genome amplification. They are packaged along with structural proteins during viral assembly. The balance between these processes must be properly maintained to allow efficient viral proliferation.
The molecular mechanisms controlling the utilization of the viral RNA in each step of the viral life cycle are still poorly understood.
Very little is known, however, about the secondary structures of the noncoding and coding regions despite some evidence that the coding region might also contain functionally RNA motifs [12, 13] .
Thus, defining the molecular determinants that regulate utilization of the viral RNA in the infected cell is of central importance for understanding the dengue virus life cycle.
Here, we conducted a molecular epidemiology study on Table 2 . 
Cell culture
The human hepatocellular carcinoma cell line, HepG2, and the mosquito cell line, C6/36 were purchased from the American Type Culture Collection (Manassas, USA) and grown in minimum essential medium (GIBCO-Invitrogen, USA) supplemented with 10% heat-inactivated fetal bovine serum (Hyclone, USA), 1% nonessential amino acids, 1mM sodium pyruvate, 100 U/mL penicillin, and 100 mg/mL streptomycin (GIBCO, USA). The HepG2 and C6/36 were maintained in the humidified incubator at 28 曟 and 37 曟 with 5% CO 2 , respectively. The African green monkey kidney cell line (Vero cell) was maintained in Dulbecco's modified Eagle's medium (GIBCO-Invitrogen, USA) containing 10% heat-inactivated fetal bovine serum (Hyclone, USA), 1% nonessential amino acids, 100 U/mL penicillin, 100 mg/mL streptomycin, 2 mM L-glutamine, and 1% OPI (GIBCO, USA), and maintained in a humidified incubator at 37 曟 with 5% CO 2 [17] .
Virus infection in HepG2 and C6/36cells for monitoring the replication rate
The infections were performed in the 75-cm 2 flask. Both cell lines, HepG2 and C6/36 were infected with each DEN3 candidate (Table   3 ) at a multiplicity of infection (MOI) of approximately 0.01. After adsorption for 2 h, 30 mL of growth medium was added and the cultures were incubated in 5% CO 2 at 28 曟 and 37 曟 , respectively.
The aliquots from viruses-infected HepG2 cells were harvested daily for 5 days while the aliquots from viruses-infected C6/36 cells were harvested at 48 h intervals for 12 days. Those aliquots were adjusted to 12.5% heat-inactivated fetal bovine serum before being stored at -80 曟 prior to titration. The uninfected-HepG2 and the uninfected-C6/36 were performed parallely with the DEN3 infected cells [17] .
The infections were performed in duplicate for each sample.
Virus titration by plaque assay
Plaque titrations were performed in six-well plates of confluent Vero cells as described previously [18] . 
Results

Multiple alignments and the predicted secondary structures of the 5'UTRs
The RT-PCR product of each Thai DEN3 isolate amplified using the specific primers at the 5'end showed a single band of 465 base pairs in length on agarose gel electrophoresis staining with ethidium bromide (Figure 1 showed its predicted secondary structure of its 5'UTR identical to the H87 prototype and both of them still conserved their structure of two RNA domains as a large stem loop or stem loop A (SLA) and a short stem loop or stem loop B (SLB). Their first domains of ~70 nucleotides of SLA were folded to have a Y shaped structure in the presence of three helical regions (S1, S2, and S3), a top loop, and a side stem loop. The two domains were separated by oligo (U) track spacer (Figure 3 ). Among the other DEN-3 with G9A, A55G, G62A, and G65A (Table 2) only the DEN3 with two SNPs of G9A and G65A (Brazil 2002: AY679147) slightly altered its predicted secondary structure but still conserved almost the same structure as Thai DEN3 and the H87 prototype ( Figure 4b ). Figure 5a ). In C6/36 cells, D87-0010 reached their peak titer on day 6 p.i, while the others replicated to a peak level on day 10 p.i. (Figure 5b) . The candidate D87-0010 virus reached its highest titer on day 3 p.i. and the titer suddenly dropped on day 4 p.i., while the others reached their highest titers on day 3 p.i., and gradually declined on day 4 p.i. (Figure 5b ). The P-values were calculated on the day of peak viral titers, day 3 and day 10 p.i. for HepG2 ( Figure 5a ) and C6/36 cells (Figure 5b) , respectively. The statistical data comparing to the H87 prototype indicated that all these Thai The predicted secondary structures were generated by MFOLD software which is an RNA folding algorithm (Zuker, 2003 ) that predicts both optimal and suboptimal secondary structure based on free energy minimization. The lowest free energy folding refers to the most stable folding of any given sequence. The 94 nucleotides of their 5'UTRs appear to contain conserved secondary structural elements among the same serotype as well as different serotypes that influenced the viral replication, minus-strand RNA synthesis, translation initiation and genome cyclization [19] .
Efficiency of Thai DEN3 infection in HepG2 and C6/36 cells
Discussion
Specific deletions within this region in the context of DEN4 showed an important role for the 5'UTR during viral replication [20] . The nucleotides located at position 70 to 80 of DEN 5'UTR became highly susceptible to RNase A cleavage when bound to the viral polymerase [21] . Comparing these Thai DEN3 to the H87 prototype, our finding of three SNPs including the predominant C90T (9C/63T), A109G (63A/9G) and A112G (71A/1G) during suggested that the first DEN3 outbreak in 1958 followed by many subsequent outbreaks until 2000 in Bangkok might have caused the frequent divergence of Thai DEN3, which were better adapted to grow in the transmission cycle between human and mosquitoes in a particular environment. Different SNPs but not the C90T was found in the 5'UTRs of the other DEN3 isolates from several countries indicating genetic responses of these dengue evolution related to different hosts, mosquito vectors and geographic environments.
Both 5' and 3'UTRs have the potential to form secondary structures that are functional important and conserved among flaviviruses [7, 8] .
RNA secondary structures have been shown to be very sensitive to mutations: mutations in about 10% of the sequence positions already leads almost surely to unrelated structures if the mutated positions are chosen randomly [22, 23] . The predicted 5'UTR secondary structure of a representative Thai DEN-3 (D95-0380) with C90T showed almost identical to the structures of the H87 prototype as well as four DEN3 isolates from other countries. All of them still conserved two RNA domains including SLA of ~70 nucleotides to form a Y shaped structure in the presence of three helical regions (S1, S2, and S3) and SLB of ~16 nucleotides separated by an oligo(U) spacer. The dengue genome is translated in the infected cell by a cap-dependent mechanism. In this process, the small subunit of the ribosome scans through SLA and SLB to reach the initiator AUG codon. Therefore, the finding that SLA plays an important role during viral replication could be attributed to a function of this RNA element in translational regulation and/or in further steps of viral replication [24] . The SLA has been proposed to act as the promoter for the RNA-dependent RNA polymerase (RdRp) of dengue viruses. Direct binding of RdRp to SLA was reported to be necessary for viral RNA synthesis [25, 26] .
Within dengue 5'UTRs, the S1 and S2 regions represented one of the most conserved elements whereas the sequence and structure of S3 and the side stem loop showed the most variations [9] . The role of each conserved elements within the SLA promoter have been investigated and mutations within the SLA structure in the context of full length viral RNAs allowed the identification of sequences and structures necessary for viral replication [13] . The SLB has been proposed to be essential sequences for long range RNA-RNA interaction and genome replication [25] . The oligo(U) spacer was required for proper function of the two stem loops as previously reported [8, 27] . Several reports revealed that genome circularization was required for viral replication and dengue RNA genomes could circularize to regulate initiation of translation and RNA synthesis at the 5' and 3' ends of the genome [8, 19] . There was a functional A B evidence using in vitro assay supporting that efficient RNA synthesis by RNA-dependent RNA polymerase of dengue virus required both the 5' and 3' cyclization sequences (CS) [28, 29] . The new element of 16 nts present at 5' and 3' UTR was identified as 5' upstream AUG region (5'UAR), based on their location just 5' to the initiator AUG.
Both CS and 5'UAR were necessary for long range RNA-RNA interactions and RNA cyclization [30] . Although the predominant C90T of Thai DEN3-5'UTR was located at the proposed 5' UAR, this SNP did not affect its predicted secondary structure and its proposed 5'UAR (16nts in the box).
The replication efficiency of five Thai DEN3 candidates with the predominant C90T comparing to the H87 prototype were assessed in the human (HepG2) and mosquito (C6/36) cell lines as models for their replication in human host and the mosquito vector respectively.
Growth in C6/36 cells was assessed because the replication kinetic in these cells might be associated with their replication in Aedes mosquitoes, which served as DEN transmission vectors. Replication in HepG2 cells was performed because these cells represented mammalian cells and also served as one target cell of DEN infection.
Liver involvement in DEN pathogenesis has been documented [31, 32] .
Hepatomegaly has been reported in up to 98% of Thai children with DHF [2, 33] . Previous studies reported that dengue infection caused apoptosis in liver cells both in vitro and in vivo [32, 34] . All these Thai DEN3 candidates appeared to have significant higher replication rates (P<0.05) in both cell types than the H87 prototype except D89-0833, which generated the delayed replication in C6/36 cells. From the history of these Thai DEN3 which produced a degree of disease severity from mild to severe form, relationship of their primary sequences and their predicted secondary structures of the 5'UTRs as well as their replication efficiency in both two cell cultures did not correlate with their clinical outcomes. However, our findings supported their important requirements of the completely identical 89 nucleotides and their high-order secondary structure of the 5'UTR for viral replication. The highly conserved 89 nucleotides of 5'UTR has been proposed to be a candidate magic target for future research on antiviral therapy as well as vaccine approach of Thai DEN3.
In conclusion, our study on evolutionary relationship among Thai DEN3, Bangkok isolates during 24 year-evolution highlighted that the remarkable 89 nucleotide conservation, the highorder RNA secondary structure and the predominant C90T of their 5'UTRs were found over 24 years of evolution. Therefore, the 89 nucleotides and the C90T of 5'UTR might be genetic markers of evolutionary relationship among these Thai DEN3.
